the longer and more consistently lithium is administered suggests that lithium effects may be occurring at a transcriptional level leading to changes in neuronal plasticity [3] . Indeed, recent studies have indicated significant effects of lithium on the expression of a number of genes involved in neuronal plasticity and function. Lithium has been shown to increase the expression of the antiapoptotic gene BCL2 [4] and also to increase cAMP-responsive element-/binding protein-mediated gene transcription [5] . More recently, microarray techniques have been applied to study the effects of lithium on mouse brain [6, 7] , rat brain [8] , and in human neuronal or peripheral blood cell lines [9] [10] [11] [12] [13] . These studies have reported effects of lithium on the expression of a number of genes involved in ion channel and receptor function, signal transduction (including the phosphatidylinositol system), neuroprotective mechanisms, endothelial growth factor, energy metabolism, and thyroid function.
However, as most studies have been conducted in animal models or in vitro in human cell lines, the relationship of these changes in gene expression to clinical therapeutic response to lithium remains unclear. In the past decade, gene expression in peripheral blood lymphocytes has been used as a proxy for central nervous system (CNS) gene expression [14] . As brain biopsy is unrealistic in living humans, lymphocyte gene expression provides a convenient and accessible alternative to study molecular changes in health and disease [14] . Sullivan et al. [15] demonstrated that gene expression in peripheral blood lymphocytes is reasonably well correlated with expression in the CNS. Nearly half of the candidate genes relevant to schizophrenia were expressed both in blood and in prefrontal cortex, and the expression levels of many biologically relevant classes of genes were not significantly different between blood and prefrontal cortex [15] .
Beech et al. [16] conducted studies of gene expression changes in peripheral lymphocytes in bipolar subjects on lithium treatment for 1 month as well as bipolar subjects prospectively treated with lithium for 6 months [17] . After 6 months of treatment, responders had a greater upregulation of antiapoptotic genes (BCL2) while proapoptotic genes were downregulated. However, these studies were conducted while the subjects were simultaneously on a number of other medications; therefore, the results were difficult to interpret as solely due to lithium effects.
In this study, we investigated for the first time the acute (2 weeks) and long-term (8 weeks) effect of lithium monotherapy on peripheral gene expression in outpatient bipolar subjects who were medication free for at least 2 weeks prior to entry into the study and had not had treatment with lithium for at least 6 months. We hypothesized that lithium treatment would change the pattern of gene expression, and we highlight gene networks likely to be involved in its mechanism of action.
Methods

Study Design
Individuals with BD in either a depressed (BPD) or a hypomanic (BPM) state, who were medication free for at least 2 weeks and had no history of treatment with lithium for the past 6 months were recruited from an outpatient psychiatry clinic and by advertisement to the community. Psychiatrically healthy adults were recruited by advertisement. After a screening visit, the study involved baseline collection of blood sample for gene expression (RNA). Subsequently, BD subjects were treated with lithium, and repeat RNA samples were collected after 2 weeks (week 2) and 8 weeks (week 8) of treatment.
During the screening visit, after complete description of the study to the subjects, written informed consent, approved by the Institutional Review Board at the Indiana University School of Medicine, was obtained. Subjects underwent a detailed structured diagnostic interview: the Diagnostic Interview for Genetic Studies (DIGS) [18] , as well as a clinical interview by a psychiatrist to determine the appropriate Diagnostic and Statistical Manual 4th Edition Text Revision (DSM-IV-TR) [19] diagnoses. Subjects were also rated on the 17-item Hamilton Depression Rating Scale (HDRS) and Young Mania Rating Scale (YMRS) [20] on the day of baseline collection of blood for gene expression and weekly thereafter for the 8 weeks of lithium treatment. Clinical improvement was assessed by a psychiatrist with the Clinical Global Impression of Severity (CGIS) and Improvement (CGII) Scale [21] scores at week 2 and week 8 for overall bipolar illness.
Subjects
BD patients aged 18-60 years were included in the study if they satisfied the DSM-IV-TR criteria for hypomanic (BPM) or a depressed episode (BPD). The exclusion criteria for participants included the following: lifetime diagnosis of schizophrenia or schizoaffective disorder; a current primary anxiety disorder; use of psychotropic medications in the past 2 weeks; fluoxetine use over the past 4 weeks; lithium in the past 6 months; acute suicidal or homicidal ideation or behavior; recent (<1 week) or current inpatient hospitalization; a diagnosis of substance dependence within the past year, except nicotine; positive urinary toxicology screening at baseline; use of alcohol in the past 1 week; serious medical or neurological illness, and current pregnancy or breast-feeding.
Healthy subjects (18-60 years) additionally had no personal or family history of serious psychiatric or alcohol or substance abuse/ dependence as determined by the Mini International Neuropsychiatric Interview (MINI) [22] or history of serious medical illness.
Lithium Treatment
Immediately after baseline blood collection was completed, BD subjects were started on lithium treatment, 300 mg twice daily. Levels were checked after approximately 5 days and, if necessary, lithium dose was increased to achieve trough levels between 0.5 and 1.0 mEq/l depending on efficacy and tolerance. Lithium levels were also checked near the time of the second and third RNA collection. Healthy subjects were not treated but had repeat RNA samples collected at the same time points as the BD subjects.
RNA Samples
Samples were collected in PaxGene tubes (2.5 ml), transported to the laboratory at room temperature and then stored at -20 ° C until processed using the Paxgene protocol (Qiagen). Briefly, the samples were thawed and held at room temperature for 2 h. The samples were centrifuged and the supernatants removed. The pellets were then treated with proteinase K at 65 ° C, then processed twice through PAXgene RNA spin columns, treated with DNase I, and processed again through PAXgene RNA spin columns. The RNA samples were stored at -80 ° C.
Gene Expression Analysis
The gene expression analysis was conducted in the Center for Medical Genomics (CMG), a core facility of the Indiana Clinical and Translational Sciences Institute. Quantity and quality of the RNA was measured using a Nanodrop spectrophotometer and Agilent Bioanalyzer. RIN (RNA integrity number) values ranged from 5.7 to 9.6, with a mean 8.3 (SD 0.67). One hundred-nanogram aliquots of each RNA were labeled and hybridized to an Affymetrix GeneChip ® Human Gene 1.0 ST Array. The processing and labeling of samples was done in batches with all samples from a single individual processed together, and the individuals balanced for cases versus controls. All samples were hybridized individually. Scanned arrays were examined for defects and other quality issues.
Statistical Analysis
Data were imported into Partek Genomics Suite. Batch effects were removed from the data. Principal components analysis was used to identify outlier arrays; one was found and removed from further analysis. Analysis was done using log 2 transformed data. Data for all BD patients for the 3 time points were analyzed using factors of time point (baseline, week 2, week 8), state (manic, depressed), ID (patient identifier), and interaction between state and time point. Probe sets with a mean log 2 expression <4.0 for all groups were removed from subsequent analyses [23] . False discovery rate (FDR) was calculated using the Storey q value [24] .
Contrasts were performed for the effect of treatment [week 2 vs. baseline, week 8 vs. baseline, week 8 vs. week 2, and all treated (week 2 and 8 combined) vs. baseline] for all BD subjects combined as well as manic and depressed groups separately. The effect of time was also computed for the healthy subjects group, and healthy subjects were compared with bipolar subjects at time 0. Genes with significantly different expression were identified at an FDR of 0.1.
For pathway analysis, the results from the contrast of week 2 and week 8 (combined) vs. baseline were imported into Qiagen Ingenuity Pathway Analysis (IPA), winter 2015 release. Core analyses were performed using genes with FDR <0.40; this lower threshold was used to obtain an adequate number of genes (301) for analysis. Pathways that contained fewer than 4 genes were omitted from table 2 .
We looked for a correlation of clinical response in terms of overall bipolar illness (CGIS and CGII scores) with gene expression changes in the bipolar patients at week 8. The Spearman correlation was calculated using R. The change in gene expression was measured by the log 2 ratio of week 8 expression/baseline for each individual for all genes. This expression difference was compared with CGII (final improvement measure) and the difference in CGIS as measured by CGIS at baseline -CGIS at week 8 only, as only at the end of 8 weeks of treatment can a meaningful change in mood be ascertained. We used Spearman correlation for this analysis because the CGII and CGIS scores are ordinal and expression is a continuous variable. We also examined the correlation of changes in the HDRS and YMRS scores within each group with changes in gene expression.
Results
Gene expression data from 22 BD subjects (11 BPM and 11 BPD) and 15 healthy subjects were included in the analysis based on the inclusion criteria. Data for 1 healthy subject were removed from the analysis as an outlier, based upon principal components analysis. For time week 2, data from 9 BPM subjects were available. Though one inclusion criterion was a medication-free period of 2 weeks, most patients were medication free for much longer periods. All patients were actually medication free for more than 8 weeks (range: 8-1,440 weeks; mean ± SD = 203 ± 325 weeks), and 2 subjects were treatment naive. Demographic and illness characteristics of the sample are presented in online supplementary table 1 (see www. karger.com/doi/10.1159/000446348 for all online suppl. material).
Lithium Effects on Gene Expression
Gene expression in the bipolar subjects at time 0 (before treatment) did not differ significantly from that in the controls, and there was no significant difference in the healthy subjects when comparing either week 2 or week 8 with baseline. Changes in gene expression were seen between time 0 and week 2 (online suppl. table 2), and between time 0 and week 8 (online suppl. table 3). Similar to findings at time 0, there were no significant differences between the bipolar and healthy groups at time 2 and time 8.
Among the bipolar subjects, initial analysis of the gene expression data showed no genes that significantly differed between weeks 2 and 8. Therefore, data from both time points were used for further analyses to increase the power of the experiment. For the BD group as a whole, 63 transcripts that represent 56 unique genes showed a significant (FDR <0.10) change in expression ( table 1 ) . The effect sizes and directions for all of these genes were similar at week 2 and week 8. There were 37 genes with increased expression and 19 with decreased expression. Among the genes upregulated were those related to immune function: interleukin 5 receptor (IL5RA) and interferon alpha-inducible protein IFI6, and a regulatory factor that affects HLA class II expression (RFX2). Other genes that were upregulated were several protein kinases and phosphatases related to signal transduction including CAMK1, PIK3R6, and MOK. Also upregulated were several regulatory molecules, including two purinergic receptors (P2RY14 and P2RY2) and the adenosine A3 receptor (ADORA3), a CCAAT/enhancer binding protein (CEBPE), and two microRNAs (miRNA23a, miRNA27a). Interestingly, oligodendrocyte lineage transcription factor 2 (OLIG2) was upregulated, suggesting some remodeling in the brain. A different transcription factor, AHCTF1, was downregulated, along with the ephrin receptor A4 (EPHA4).
No genes were found for which lithium had a significantly differential effect in the BPM group versus the BPD group, but the numbers were small, so the power to detect such differences was very limited. We conducted a visual inspection of the pattern of changes in each of the subjects for the transcripts which showed significant change. No outliers were identified. With the small number of subjects studied, only group level inferences can be made.
Pathway Analysis of Lithium Effects
To identify the pathways affected during lithium treatment, we conducted IPA using a relaxed criterion (FDR ≤ 0.40) for genes which showed expression to yield sufficient genes for analysis (301 genes). This threshold was chosen as it yielded the optimum number of transcripts for pathway analysis. Thirty-eight pathways were found significant (p < 0.05; table 2 ). These include immune-related pathways (interferon signaling, IL-3, IL-12, IL-17, and IL-17A), glucocorticoid, VDR/RXR, EGF and aldosterone receptor signaling, and PI3 kinase signaling. Two PI3 kinase-related genes, PIK3CG and PIK3R6, were found in most of these pathways. Other genes found in many pathways were NFKBIE, ITRP1, JAK1, and CAMK1.
IPA upstream regulator analysis, which identifies molecules that can produce patterns of expression significantly related to those found (i.e. can identify what might potentially cause the changes in expression), identified many transcription factors, transmembrane receptors, cytokines, and drugs (online suppl. table 4). Eleven cytokines were identified, along with interferons, NFKB and one of its regulators IKBKE, interferon regulatory factors (IRF3, IRF5, IRF7), toll-like receptors (TLR3, TLR7, TLR9), and TNF. This suggests major changes in immune regulation. This analysis identified drugs that have effects either similar to those found (positive activation Z scores; e.g. oblimersen) or opposite to those found (negative Z scores; e.g. fenofibrate).
Gene Expression and Pathway Correlates of Treatment Response
We found 491 genes for which a change in expression was significantly correlated (FDR ≤ 0.10) with a change in the clinical severity of illness as measured by change in the CGIS score at week 8 (online suppl. table 5). The absolute value of the correlation ranged from 0.60 to 0.83. Most of these genes (415) were positively correlated with improvement in CGIS. Surprisingly, only 13 of these genes were even nominally changed in expression (in the combined analysis 8.4 × 10 -4 < p < 0.050). Three pathways were identified: the protein ubiquitination pathway and two related to protein synthesis, EIF2 signaling and eIF4 and p70S6K signaling. No significant change was found for the correlation with CGII scores. No significant correlations were found for changes in HDRS and YMRS scores with changes in gene expression within the BPD and BPM groups, respectively, as well as for the BP group as a whole.
Discussion
In this first study of the effect of lithium monotherapy on peripheral blood gene expression in medication-free manic and depressed subjects, we identified significant changes in transcripts related to genes and pathways involved in immune function, signal transduction, cell growth and motility, lipid metabolism and function, as well as stress response. Healthy control subjects did not show any significant changes on repeated testing at the same time points, and the untreated and treated bipolar patients did not show significant differences compared to controls. Among the bipolar subjects, changes at week 2 and week 8 did not significantly differ, indicating that the effects of lithium on gene expression in blood had plateaued by week 2.
The effects of lithium were found to be most extensive on immune system genes, which perhaps is not surprising since this study focused on blood cells. However, other work has shown a significant correlation between gene expression in blood and brain that includes many genes related to schizophrenia [15] . There is accumulating evidence that altered immunological functioning and immune system activation may be associated with states of depression [25] as well as mania [26] ; these functions also appear to be generally disrupted in the pathophysiology of BD [27, 28] . Lithium has been shown to decrease cyclooxygenase-2 and prostaglandin activity, and this mechanism has been proposed as a contributor to its therapeutic action in BD [29] . The results of this study strengthen the evidence that lithium mechanism of action may be related to changes in genetic pathways related to immune function.
Three purinergic receptors were among the genes with altered expression: purinergic receptors P2RY14 and P2RY2, both increased by lithium, and the adenosine A3 receptor ADORA3, also increased by lithium. Purinergic receptors are G-protein-coupled receptors widely expressed in the brain, and they have been related to pain as well as neural stem cell regulation. The higher expression of oligodendrocyte lineage transcription factor 2 (OLIG2) also suggests that lithium might cause some remodeling of the brain. OLIG2 was reported to be reduced in the prefrontal cortex of patients with BD [30] .
The two significantly altered microRNAs, miR23a and miR27a, are likely to play regulatory roles. miR23a is upregulated in gliomas, and antisense to this molecule reduced proliferation, migration, and invasion of glioma cell lines [31] . Glioma signaling was among the pathways significantly altered ( table 2 ) .
Several protein kinases and phosphatases were upregulated. PIK3R6 (phosphoinositide-3-kinase, regulatory subunit 6) was modestly upregulated, and PIK3CG (phosphoinositide-3-kinase, catalytic, gamma polypeptide) was modestly downregulated, although not meeting the FDR standard. This suggests overall reduction in PIK3 activity. PIK3s are involved in a very wide range of cellular functions, as attested by the fact that they appear in 33 of the 38 pathways that were significantly altered by lithium ( table 2 ). The pathway of PIK3 signaling in B lym-phocytes was altered; C3, PIK3CG, NFKBIE, ITPR1, and PRKCB all contributed to this alteration. Six genes contributed to the alteration in 3-phosphoinositide biosynthesis. Perhaps surprisingly, glycogen synthase kinase-3 activity was not significantly altered.
Virtually all of the pathways altered involved signaling of one kind or another ( table 2 ) ; as noted, changes in PIK3 subunits contribute to most of them, with specificity determined by the other transcripts that were altered. Some of these pathways involve the brain or neural cells (e.g. glioma signaling, neuropathic pain signaling, and, of course, the PIK3 pathways).
Transcripts related to lipid metabolism were upregulated (FAR2, SLC31A2) but transcripts for CPTI1 (related to mitochondrial fatty oxidation), PLB1 (related to lipid absorption), and FGGY (related to carbohydrate phosphorylation) were downregulated. Lithium efficacy has been previously reported to be associated with decreased lipid peroxidation [32] .
A number of genes were correlated with change in illness severity in clinical status at week 8, as measured by CGIS (online suppl. table 5). However, only a few of these genes showed even nominally significant changes. The patients used for this study included patients that were depressed and manic at baseline, and had a wide range of responses to lithium. Furthermore, some hypomania patients who responded to lithium in terms of hypomania became a bit depressed at the end of 8 weeks of lithium treatment. Hence, their illness severity as judged with the CGIS did not change much. Therefore, it is not too surprising that the genes that were widely affected (significant) across the whole cohort of patients were not seen in the list of genes that correlate with the response of each patient (change in CGIS). Probably, for the same reason the change in the HDRS and YMRS and CGII scores did not correlate with the changes in gene expression.
There are several limitations of the study, including the small number of bipolar subjects studied. It is difficult to study medication-free bipolar subjects, and a major strength of this study compared to previous studies was that all subjects were medication free for at least 2 months prior to inclusion in the study, with a mean medicationfree period of nearly 50 months. Therefore, the results of the study are much more likely to be reflective of specific lithium effects on peripheral gene expression. The small number of subjects in the BPM and BPD subgroups may have made it more difficult to identify differences between the effects of lithium in the two states as well as the correlation with clinical response. Therefore, a larger number of subjects needs to be studied in future studies.
As mentioned above, a limitation of using peripheral lymphocyte gene expression is that it may not be fully reflective of the CNS [14, 15] . As brain tissue samples cannot be obtained in living patients, peripheral gene expression may be the best way to study the putative CNS effects of lithium, and could potentially serve as a biomarker of response. In the future, peripheral gene expression studies could be combined with brain imaging studies to further correlate gene expression changes with physiological changes in brain circuits during lithium treatment.
We did not find any differences between bipolar and healthy subjects at baseline, at week 2 or week 8. Given the variability among subjects, between-group differences at baseline are generally more difficult to identify at significant levels than within-group treatment effect changes. Future studies with a larger number of subjects need to be conducted to identify such changes.
In conclusion, lithium monotherapy treatment in medication-free BD subjects was associated with changes in transcripts that appeared to plateau by the end of the 2nd week of treatment. Genes and pathways related to immune function, signal transduction, and regulatory molecules were altered. Future studies need to be conducted with a larger number of subjects as well as in conjunction with other physiological phenotypic markers of treatment response such as brain imaging measures.
